GRP78, also known as BiP, is one of the better-characterized molecular chaperones. It has been implicated in protein folding and also calcium sequestration in the endoplasmic reticulum. When the cells are subjected to endoplasmic reticulum stress, in particular the depletion of stored calcium and/or the accumulation of abnormal proteins, the rate of transcription of grp78 is enhanced. Previous studies have shown that the core region of the rat grp78 promoter (-170 to -135), which is 95% conserved with the human grp78 core (-133 to -98), is one of the key regulatory elements. Using ligation-mediated PCR, we have found that there are specific changes in factor occupancy after stress induction and the major changes occur within a cluster of bases located in the 3' half of the gip core, whereas other regulatory elements are constitutively occupied. This inducible binding to the 3' half of the human grp78 core region is observed under diverse stress signals, suggesting a common mechanism for the gip stress response. Nonetheless, the lack of constitutive in vivo protection at this region is not due to the absence of a binding factor in nuclear extracts. Using in vitro gel mobility shift assays, we detected a constitutive binding activity which exhibits specificity and affinity to the stress-inducible region. Through sodium dodecyl sulfate-polyacrylamide gel electrophoresis size fractionation and renaturation analysis, the activity is found in polypeptides with molecular sizes of 65 to 75 kDa. After a three-step purification scheme including core affinity column chromatography, we purified p7OCORE, which is about 70 kDa in its monomeric form. The purified p7OCORE is sufficient to form a complex specific to the stress-inducible region.
mobility shift assays, we detected a constitutive binding activity which exhibits specificity and affinity to the stress-inducible region. Through sodium dodecyl sulfate-polyacrylamide gel electrophoresis size fractionation and renaturation analysis, the activity is found in polypeptides with molecular sizes of 65 to 75 kDa. After a three-step purification scheme including core affinity column chromatography, we purified p7OCORE, which is about 70 kDa in its monomeric form. The purified p7OCORE is sufficient to form a complex specific to the stress-inducible region.
The 78-kDa glucose-regulated protein (GRP78), also known as the immunoglobulin heavy-chain-binding protein (BiP), is a major cellular protein localized in the lumen of the endoplasmic reticulum (ER). It is a member of the 70-kDa heat shock protein (HSP70) protein family (46) and, in an ATP-dependent manner, assists in the translocation, folding, and assembly of oligomeric proteins (10, 17) . In the capacity of a molecular chaperone protein, GRP78 binds to a wide repertoire of proteins traversing through the ER. Another function of GRP78 may involve its calcium-binding capabilities. It is postulated that GRP78, as well as other ER-localized GRPs, can bind and regulate the mobilization of sequestered calcium in the ER compartment, thus playing a key role in the calcium-dependent protein folding and transport processes (36, 41) .
The grp78 gene system provides an interesting model for studying the transcriptional activation of ER protein genes (16, 17) . As a gene encoding a ubiquitous ER protein performing normal physiological functions, grp78 is transcribed at a basal level constitutively in many different tissues and cell types (32) . Its rate of transcription, however, is induced when the ER compartment is subjected to stress. Inducers for grp78 include tunicamycin, which blocks glycosylation, denaturing reagents which disrupt protein disulfide bond formation, oxidative stress, the accumulation of malfolded or abnormal proteins in the ER (11, (15) (16) (17) 47) , and continuous heat shock (43) . Brefeldin A, which inhibits protein transport from the ER to the Golgi apparatus and causes Golgi resorption, activates grp78 transcription (23) . In mammalian cells, one of the most potent inducers for grp78 transcription is the calcium ionophore A23187 (21, 32) and thapsigargin (19, 30, 44) , a nonphorbol ester tumor promoter that inhibits specifically the endoplasmic reticulum Ca2+-ATPase; both reagents enhance the transcription of grp78 by about 20-fold through the depletion of Ca2+ stores from the ER (8) . The efflux of Ca2+ from the ER store has also been known to interfere with protein folding (24) .
The mammalian grp78 promoter contains multiple elements which are functionally redundant (45) . While the distal elements contribute mainly to the basal-level expression of the promoter, the proximal region contains the regulatory elements for stress inducibility (5) . Using an extensive series of 5' deletion, linker-scanning, and internal deletion mutants of the rat grp78 promoter, we established that a region spanning -170 and -134 is important for basal-level expression and induction by A23187, thapsigargin, malfolded protein, and brefeldin (19, 23, 47) . This region has been referred to as the grp core element because its sequence is conserved among grp promoters from many species, including Saccharomyces cerevisiae, Caenorhabditis elegans, chickens, rats, and humans (22, 28, 34, 39) . Especially between human and rat grp78 core elements, the nucleotide sequence is 95% conserved. By using nuclear extracts from HeLa cells, this region is footprinted 5534 LI ET AL. (34) , and synthetic oligomers of the core elements can compete for nuclear factors binding to grp promoters in vitro and in vivo (5, 22) . Stable integration and amplification of the core element in CHO cells coordinately downregulate the endogenous gip gene expression (20) . Further, we demonstrated that synthetic oligomers of the gip core element are capable of conferring partial stress inducibility to a heterologous promoter (19) .
In this study, we analyzed in vivo footprinting of the human grp78 promoter and determined whether in vivo factor binding correlates with transcriptional induction of grp78 by various forms of stress. We observed that there are specific changes in factor occupancy after stress induction and that the major changes occur within a cluster of bases located in the 3' half of the grp core. Nonetheless, by gel mobility shift assays, factors capable of binding to the regulatory elements are present in cells prior to stress induction, irrespective of in vivo protection.
With the importance of the grp core established by genomic footprinting and transactivation of heterologous promoter in vivo, we seek to purify and characterize the nuclear proteins which interact with this site. Here we describe that in HeLa nuclear extracts, multiple factors bind to the core element. However, among the complexes formed with the gip core, a minor complex, termed II', exhibits specific binding to the 3'-half region, which is required for stress induction of grp78 (22) and is the site where factor occupancy changes are observed after stress induction in vivo. Complex II' binds core DNA with high affinity and exhibits rapid association and dissociation kinetics. Previously, we identified several proteins from HeLa nuclear extracts with molecular sizes of 220, 110, 90/92, 70, and 55 kDa which were specifically cross-linked by UV light treatment to the gtp core element (22) . Here, by size fractionating the HeLa nuclear extract on sodium dodecyl sulfate (SDS)-polyacrylamide gels followed by renaturation, we observed that complex II' is able to be reconstituted from the renatured proteins in the molecular size range of 65 to 75 kDa. Using a combination of chromatography steps, we purified a binding factor (p7OCORE) from other binding factors, including the abundant Ku autoantigen, which exhibits high affinity for the core element. p7OCORE, the first human nuclear factor identified to interact with the grp78 core element, consists of protein species of 70 kDa in its monomeric form and binds specifically to the region required for A23187 inducibility and other kinds of stress induction of grp78.
MATERMILS AND METHODS
Cell lines and culture conditions. HeLa cells were grown in Dulbecco's modified Eagle's medium with 5 to 10% bovine calf serum. Cells were heat shocked at 42°C or treated with the calcium ionophore A23187 at a final concentration of 7 ,uM or with tunicamycin (0.5 ,g/ml) for indicated periods of time. The hamster K12 cell line has been previously described (19, 33) .
Transcriptional run-on analysis. Run-on transcription reactions were performed with isolated nuclei (approximately 7 x 106 nuclei per reaction) in the presence of 100 ,uCi of [a-32P]UTP (3,000 Ci/mmol; Amersham) as previously described (3) . Radioactive RNA was hybridized to nitrocellulose filters on which the following plasmids had been immobilized: pGEM2 (vector; Promega), pH 2.3 (human hsp70 [48] ), pU-CHS801 (human hsp90/89cx [12] ), pHG23.1.2 (human grp78 [42] ), pHA7.6 (human hsc70), and pGAPDH (rat glyceraldehyde-3-phosphate dehydrogenase [9] ). The hybridization and washing conditions were as described previously (38) .
Genomic footprinting. For in vivo footprinting of the human grp78 promoter, 2 x 107 cells were harvested and treated for 5 min with 0.2% dimethyl sulfate (DMS) at room temperature. Genomic DNA was isolated, digested with EcoRI, and cleaved with piperidine (4). The methylation pattern of naked DNA was obtained by using deproteinized DNA which was treated with DMS in vitro. Genomic footprinting analysis was performed by using a ligation-mediated PCR method (29) . For the ligation-mediated PCR of the coding strand, the first genomic primer was a 19-mer, 5' TGTCTGTGCTGTCTTGGCC 3', which was complementary to the + 12 to +30 region of the coding strand. The second genomic primer was a 25-mer, 5' TTATATACCCTCCCCCAGCCCCGTC 3', complementary to the -19 to -43 region of the coding strand. The third genomic primer used for end labeling was a 29-mer which overlapped and extended 3' of the second primer and had the sequence 5' T1ATATACCCTCCCCCAGCCCCGTCGTGG 3'. The first genomic primer used for footprinting of the noncoding strand was a 19-mer, 5' GGTCAGAAGTCGCAG GAGA 3', complementary to the -283 to -265 region of the noncoding strand. The second genomic primer was a 25-mer, 5' CTGAACCAATGGGACCAGCGGATGG 3', complementary to the noncoding strand at nucleotides -252 to -228. The primer used for end labeling was a 28-mer which was complementary to the noncoding strand at nucleotides -252 to -225 and thus had the same sequence as the second primer with three additional bases, GGC, at the 3' end. The sequence of the common linker was as described previously (29) .
Preparation of nuclear extracts. The HeLa cells were cultured to a density of about 5 x 105 cells per ml. Exponentially growing cells were harvested to avoid growth density-related stress. For the A23187-induced nuclear extract, the HeLa cells were treated with 2 ,uM A23187 for 5 h prior to harvest. Nuclear extracts were prepared in parallel for the treated and nontreated cells as described previously (37) , with the following modifications. A protease inhibitor cocktail was added to all buffers at the following final concentrations: phenymethylsulfonyl fluoride, 1 mM; benzamidine, 0.5 mM; and pepstatin, leupeptin, and aprotinin, 1 ,ug/ml. During cell lysis, the resuspended cell pellet was Dounce homogenized 8 (ii) DNA-cellulose chromatography. Double-stranded calf thymus DNA cellulose was obtained from Sigma. The M fractions containing II' activity were pooled. The protein concentration was determined by the Bio-Rad assay, and protein profiles were visualized by silver staining.
(iii) grp core affinity chromatography. The grp78 core synthetic oligonucleotides were gel purified as described above; the complementary strands were reannealed and ligated as described previously (13) . The oligomers (1 mg) were coupled to 2 g of cyanogen bromide-activated Sepharose 4B (Pharmacia, Piscataway, N.J.). The coupling of the oligomers to the resin and termination were performed as described previously (13, 49) , and the resin was stored in the column storage buffer (10 mM Tris [pH 7.6], 1 mM EDTA, 0.3 M NaCl, 0.02% NaN3) at 4°C. The 0.3 M fractions containing the II' binding activity from the calf thymus DNA-cellulose column were pooled, dialyzed into buffer D with 0.1 M KCI, incubated with 2 ng of sonicated poly(dI-dC) per jil of extract, and applied onto a 1-ml (bed volume) affinity column. The column was eluted with a step gradient of KCI (0.1, 0.2, 0.4, 0.6, and 1.0 M) in buffer D containing 3 mM n-octyl glucoside (40) at a flow rate of 9 ml/h. The II' binding activity was recovered in 0.4 M KCl eluate. The 0.4 M eluate was dialyzed against buffer D containing 0.1 M KCI and purified further by an additional cycle of core affinity chromatography. The purified fractions were stored in aliquots at -80°C. The protein profiles of the purified fractions were determined by silver staining, and the concentration was estimated by comparison against molecular weight markers.
RESULTS
Identification of constitutively associated transcription factors on the grp78 promoter. In vivo genomic footprint analysis was used to identify which DNA sequences in the grp78 promoter were constitutively associated with transcription factors. To accomplish this, we compared the methylation pattern of DNA isolated from non-heat-shocked cells with the pattern of deproteinized DNA methylated in vitro, i.e., naked DNA ( A-87 on the top strand and G-53 and G-63 on the bottom strand. These alterations localize to the Spl, CCAAT, and CREB-like sites present in the human grp78 promoter and support earlier studies on the role of these sites for basal expression of grp78 (47) .
Transcriptional activation of grp78 gene is accompanied by changes in protein-DNA interaction. We next compared the grp78 promoter sequences in cells treated with A23187 for 3 h, treated with tunicamycin for 6 h, or exposed to a 42°C heat shock for 4 h. As shown in Fig. 2A , transcription of the grp78 gene as measured by nuclear run-on analysis was induced. After exposure of the cells to A23187, tunicamycin, or heat shock, parallel cell samples were treated with DMS in vivo and the methylation pattern of genomic DNA was analyzed by genomic footprinting. The most prominent inducible alterations in DMS reactivity patterns in the grp78 promoter can be detected at G-114, G-113, G-109, and G-75 on the coding strand and at G-112, G-111, and G-108 on the noncoding strand (Fig. 2B) . Minor changes at G-104 and G-105 on the coding strand were also observed. The majority of changes in in vivo occupancy occur in a region of nucleotides -114 to -104, suggesting that the transcriptional induction of grp78 is accompanied by factor binding to the sequence or that there VOL. 14, 1994 5536 LI ET AL. Methylation patterns of the guanine (G) residues were analyzed by in vivo genomic footprinting and are presented for the coding and noncoding strands. Genomic DNA was isolated from control (C; no heat shock, A23187, or tunicamycin treatment) HeLa cells that were treated with DMS in vivo. Lane N contained naked (deproteinized) DNA that was treated with DMS in vitro. Long arrows indicate the G residues that are prominently protected from methylation, short arrows indicate partial protection, and asterisks indicate the G residues that are hypersensitive to methylation. The putative factor (ClF, C3F, CREB-like, and Spl) binding sites are bracketed.
are changes in protein conformation occupying this site. The kinetics of inducible factor interactions correlated closely with the transcriptional activation and attenuation of the grp78 gene: the DMS methylation pattern in DNA isolated from cells that have recovered from the A23187 or tunicamycin treatment resembles the pattern seen in control cells, as does the level ofgrp78 transcription (Fig. 2B, lanes R) . In contrast to the transient nature of inducible factor interactions in the grp78 promoter, the basal interactions located in the GC box, CCAAT box, and CREB-like elements were not affected by treatment with A23187 or tunicamycin. A summary of in vivo sites of factor interaction detected either in control or the induced state is shown in Fig. 3 .
Binding of complex II' to the core region important for A23187 induction. The cluster of changes in factor occupancy after stress occurred most prominently within the gip core, in particular the 3' half of the core. The grp core element is highly conserved among gip promoters. A comparison of the human and rat grp core regions is shown in Fig. 4A . Within the 35 bp, there are only two base pair changes. The bases which showed changes in occupancy after stress are perfectly conserved between the two species. The rat core element has been further dissected into two functional domains (22) . The 5'-half region contains a CCAAT-like motif and is important for basal-level expression, and the 3'-half region is important for A23187 and thapsigargin inducibility (19, 22) . The same region defined through mutagenesis as important for stress induction also contained the sequence where changes in factor occupancy were observed. Next, we used gel mobility shift assays to determine whether we can detect in HeLa nuclear extracts binding activities which are specific for 3' half of the core. Using nuclear extracts prepared from A23187-induced cells and the rat grp core sequence as the probe, four complexes (I, II, II', and III) were observed (Fig. 4C) . Previously we MOL. CELL. BIOL. Nuclear run-on analyses of hsp70, hsp90ac, grp78, hsc70, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcription were performed at the indicated time after addition of A23187 and tunicamycin or exposure to 42°C (heat shock [HS] ). Vector denotes plasmid pGEM2. Lanes R represent cells that after being treated with A23187 and tunicamycin were washed and allowed to recover for 6 h before the nuclei were isolated. (B) In vivo genomic footprint of the core region of the human grp78 promoter. After DMS treatment in vivo, genomic DNA was isolated from the parallel samples that were used for the nuclear run-on analysis, and methylation patterns of G residues were compared between control cells (C) and cells that were exposed to A23187 (A), tunicamycin (T), or heat shock (HS) treatment. Arrows indicate the G residues that are protected from methylation, and asterisks indicate the G residues that are hypersensitive to methylation. demonstrated that a Ku autoantigen found in high abundance in HeLa nuclear extracts has a high affinity for the core binding site and is a major component of complex II (22) . With modifications in the gel mobility shift assay and an extended electrophoresis running time, we discovered a faster-migrating complex, II', which can be resolved from the major complex II.
To dissect the binding domains of the four complexes, competition assays were performed with the synthetic oligomers of the rat grp core mutated at either the 5' or 3' half ( Fig. 4B) . To control for nonspecific binding, a random synthetic oligomer bearing the mutated sequences of both the 5' and 3' halves was used. With the exception of the mutated bases, the sizes and the linker tails of all of the synthetic oligomers are identical. As shown in Fig. 4C , upon competition with 100-and 200-fold molar excesses of the synthetic oligomers described above, complex II' corresponds to the complex which exhibits high affinity for the gip core 3'-half region, as complex II' was unaffected by the synthetic oligomers with the 3'-half mutation or the random sequence competitors but was efficiently eliminated by the wild-type core or the 5'-half mutation competitors. In contrast, complex I and the majority of complex II appeared to be nonspecific, and complex III could be competed for equally by both the 5' and 3' halves of the core.
In vitro core binding activities in control and induced HeLa nuclear extracts. To test whether the in vivo protection pattern changes correlate with changes of in vitro binding for the grp core, nuclear extracts were prepared from spinner cultures of exponentially growing HeLa cells maintained in normal culture medium or treated with the ionophore A23187 for 5 h. RNA blot analysis of these cells routinely showed a 10-fold increase in grp78 mRNA levels in the A23187-treated cells (Fig. SA) , demonstrating that the control cells were not subjected to ER stress during culture or harvest. The rRNA profile was used as a control for even loading of mRNA. With these nuclear extracts and the rat gip core sequence as the probe in gel mobility shift assays, the binding activities of the four complexes (I, II, II', and III) from the control and A23187 extracts were indistinguishable (Fig. 5B) .
To characterize further the kinetics of formation of these complexes from control and induced extracts, the rates of A association and dissociation of the complexes were measured. We observed that the formation of all four complexes was rapid such that steady-state levels of the binding activities were reached within 5 min of incubation of the nuclear extracts with the core probe (data not shown). In dissociation rate measurements, the extracts were preincubated with the core probe to allow the formation of the complexes prior to the addition of a 50-fold molar excess of the unlabeled core oligomers for various times ( IiI. period. The results of these experiments (Fig. 5C ) revealed that complexes I and II were highly stable. Once they were formed, there was no exchange with the unlabeled competitors during the 40-min incubation period. In contrast, complexes II' and III exhibited a rapid dissociation rate. Within 5 min of incubation with the unlabeled competitor, complex II' was no longer detected. Incubation of unlabeled competitors at a 100-fold molar excess for as short as 1 min also effectively eliminated complex II' (data not shown). For both control and induced extracts, the dissociation rates for complexes II and III were extremely rapid, whereas those for complexes I and II were slow. Since complex II' binds with the highest specificity to the 3' half of the core, which is functionally most significant because of its contribution to stress induction, we focused on identifying the protein component of complex II' which binds to this DNA region.
Complex II' can be reconstituted from renatured protein species of 65 to 75 kDa. Using UV cross-linking techniques, we identified the sizes of several polypeptides (210, 110, 90/92, and 70 kDa) from HeLa nuclear extracts which could be photolabeled within the major complex II (including that of II'), with a 70-kDa protein species being the most predominantly labeled band (22) . As the first step to ascertain whether any of the protein species identified above has the ability to bind directly to the grp core, HeLa nuclear extracts prepared from A23187-treated cells were size fractionated in preparative SDS-polyacrylamide gels. The gels were cut into 1-cm slices, and the proteins, after electroelution, were allowed to renature. The renatured proteins were then used in gel mobility shift assays using the rat gip core as the probe. Examples of the gel mobility shift assays performed with renatured proteins recovered from the molecular size ranges of 115 to 140, 90 to 115, and 65 to 75 kDa are shown in Fig. 6 The renatured protein p(65-75) is distinct from the Ku autoantigen and binds specifically to the glp core. Previously, the abundant complex II was shown to contain a Ku autoantigen binding activity and a core-specific binding activity (22) . Ku binds to double-and single-stranded DNA ends with high affinity and random sequence specificity (1 Fig. 7A , the abundant complex II formed with the unfractionated HeLa extract was largely supershifted to the gel wells by the anti-Ku antibody, whereas an unrelated anti-E2F antibody had no effect. In contrast, the formation of the reconstituted complex II' derived from renatured p(65-75) was by preincubation with either the anti-Ku antigen or the anti-E2F antibody. These results demonstrate that p(65-75) is not Ku and is not contaminated with it.
Next we determined whether p(65-75), after isolation from a denaturing gel and subsequent renaturation, retained its specificity for the 3' half of the grp core. For this purpose, competition assays with various synthetic oligomers (Fig. 4B) were performed with the reconstituted complex II' (Fig. 7B) . We observed, as in the case of the complex II' formed from the unfractionated extract (Fig. 4C and 7A, lanes 1 to 3) , that the reconstituted complex II' is highly specific for the 3' half of the core sequence. Only the wild-type core oligomer and the 5' mutated oligomer, containing the wild-type 3'-half core sequence, were able to abolish complex II'. The addition of the 3' mutated core oligomer and two other heterologous competitors had no effect. The specificity of the renatured complex was retained when up to 200-fold molar excesses of competitors were used (data not shown).
Purification of complex II' binding activity from A23187-induced HeLa extracts. With the establishment of a gel mobility shift assay which allows us to monitor the complex II' binding activity, the induced HeLa nuclear extract was subjected to a series of chromatographic steps for the purpose of purifying p(65-75), which binds to the 3' half of the gtp core with high specificity and affinity, using the purification scheme shown in Fig. 8A .
About 50 mg of HeLa nuclear extract was first applied onto a BioRex 70 column, which is a high-capacity, weak cationic exchange column. Upon step elution with increasing concentrations of KCI, the complex II' binding activity, as detected by gel mobility shift assays, was enriched in the 0.4 M fractions.
The active fractions were then applied onto a double-stranded calf thymus DNA-cellulose column to resolve the DNAbinding proteins on the basis of their relative affinities for general DNA. This column was useful in separating the complex II binding activity from the complex II' binding activity, which eluted primarily in the 0.3 M fraction. Complex II (mostly Ku) was enriched in later elution fractions (data not shown). Finally, the complex II' active fractions were applied onto a Sepharose 4B column coupled with the concatenated core oligomers. The bound proteins were eluted with a stepwise KCI gradient, and complex II' was recovered in the 0.4 M fraction. As shown in Fig. 8C , the affinity-purified fraction in gel mobility shift assays formed only complex II' with the grp core probe. Thus, the multiple chromatographic fractionation steps were successful in segregating the components comprising complexes II and II'. A comparison of the silver stain patterns of the unfractionated extract and the affinity-purified fraction enriched for complex II' is shown in Fig. 8B . For the affinity-purified fraction, there were several groups of protein bands, including those with sizes in the ranges of 120, 97, and 70 kDa, which were enriched. A lane consisting of the buffer alone was included to account for the cluster of nonspecific bands below the 68-kDa size marker. Based on their relative specific DNA binding activities, the enrichment for complex II' binding activity at this final stage of chromatographic purification is about 10,000-fold (Table 1) .
Identification of p7OCORE as the DNA-binding component of complex II'. Using unfractionated HeLa nuclear extract, we demonstrated above that the protein component of complex II' has a molecular size of about 70 kDa. Upon chromatographic purification, a set of proteins of about 70 kDa (referred C VOL. 14, 1994 7-:.... &L. to as p7OCORE; bracketed bands in Fig. 8B ) was also detected by silver staining, among other protein bands which were copurified. To determine whether p7OCORE is the purified form of p(65-70) and whether other core-binding proteins were also purified, the affinity-purified fraction containing the complex II' binding activity was applied onto a preparative SDSpolyacrylamide gel to fractionate the proteins. Gel slices of 1 cm each were cut along the whole length of the gel. After elution, the proteins were allowed to renature and used in gel mobility shift assays, using the rat grp core as the probe. The results are shown in Fig. 8C . Of all of the gel slices tested, only slice 9, containing p7OCORE, was able to form a complex. The complex is II', as judged by its electrophoretic mobility.
To confirm that the affinity-purified fraction and p7OCORE retained the ability to bind to the 3' half of the grp core, competition assays with wild-type and mutated core oligomers were performed as described for Fig. 4C . As shown in Fig. 9A , a side-by-side comparison of the electrophoretic mobility of complex II' formed by the affinity-purified fraction and that of the unfractionated nuclear extract confirmed that they were identical. Complex II' as formed by the affinity-purified fraction was specifically inhibited by the gtp core oligomer but not by the random oligomer competitor. Whereas p7OCORE after its isolation and renaturation exhibits a substantial loss of protein mass and binding activity (only~-1% recovery of binding activity), a side-by-side comparison of complex II' derived from the affinity-purified fraction and p7OCORE showed that they migrated with identical electrophoretic mobilities (Fig. 9B) . Further, the specificity of p7OCORE for the 3' half of the gip core was retained, as demonstrated by competitions with the wild-type and 5' mutated oligomers but not the 3' mutated or random oligomers at a 100-fold molar excess (Fig. 9B) .
To determine whether the affinity-purified fraction binds to the same bases which exhibit in vivo stress-inducible changes in methylation pattern, competition analyses with additional synthetic oligonucleotides were performed. The mutations, Ml through M4, each contained 4-bp substitutions within the 3' half region of the grp core (Fig. 10A) . The complex II' formed by the affinity-purified fraction can be competed for only by the wild-type core and M4 oligomers, which mutated 4 bp outside the in vivo DMS footprint region (Fig. 10B) . The oligomers Ml and M2, which created base mutations within the DMSprotected region, were unable to compete efficiently even at a 100-fold molar excess. The inability of M3 to compete suggests that bases undetectable by DMS protection in vivo in the immediate flanking region may also be involved in protein-DNA interaction. In comparison, the competitor with the least potency is 3'mt, which mutated the entire 3' half of the gip core. These combined results demonstrate that the affinitypurified fraction binds to the same sites which exhibit stressinducible changes in DMS protection and that p7OCORE as purified from the HeLa nuclear extract is the DNA-binding 
DISCUSSION
The regulation of GRP78 in response to stress conditions in the ER represents a unique model for signal transduction. In the case of the mammalian grp genes, a depletion of the calcium store from the ER or the accumulation of malfolded or underglycosylated proteins apparently generates a signal that is transmitted to the nucleus and leads to enhanced transcription of the gip genes. This transcriptional regulation is mediated primarily by upstream promoter sequences (19, 32 ranging from yeasts to humans (5, 32) . This high degree of conservation is consistent with its functional significance in ER stress induction, as revealed by promoter mapping studies (22) and its ability to confer ER stress inducibility to heterologous promoters in both the mammalian and yeast systems (19, 28) . Moreover, binding element titration in vivo reveals that the core element is essential for stress induction of the grp genes and for cell survival (5, 20) , and the subdomain responsible for calcium stress inducibility was mapped to the 3' half of the core region (22) .
To understand how the core element mediates stress induction of grp78 transcription, we have previously performed gel mobility shift assays with a 291-bpgrp promoter fragment (7) to determine if differences in factor binding could be detected in induced cell extracts compared with control cell extracts. In those in vitro assays, the binding activities were similar. Further, in yeast cells, the homologous grp core binding activity was also reported to be constitutive, and no differences between control and stressed cells were found (28) . Using in vivo footprinting techniques to investigate protein-DNA interactions of the human grp78 promoter, we report here that specific changes in the methylation pattern such as protection or hypersensitivity of specific nucleotides were detected on the coding and noncoding strands within the 3' half of the grp core when the cells were stressed. Further, the changes in factor occupancy directly correlate with transcriptional induction of the endogenous grp78 gene. Nonetheless, the lack of in vivo protection in nonstressed cells was apparently not due to the absence of factors that are capable of binding to the highly conserved grp core, since extracts from induced and control cells bind with similar specificities and kinetics to the rat grp core, as analyzed in vitro by gel mobility shift assay. The lack of in vivo footprinting despite the presence of binding factors has been reported for the promoters of the tyrosine aminotransferase (4), major histocompatibility complex class 11 (14) , and ,B2-microglobulin genes (25) . Thus, the grp78 gene provides an additional example wherein the presence of element-specific factors in control cells is not sufficient for producing in vivo VOL. 14, 1994 occupancy, whereas after stress treatment, the factors are able to access the DNA. One explanation is that a higher order of chromatin configuration, or some other inducible interacting factor(s), exerts control over the accessibility of the binding factor to the specific DNA elements upon stress induction. Since similar binding activities were detected in vitro from nuclear extracts of control and stress-induced cells, it is unlikely that the accessibility is controlled by nuclear transport of a cytoplasmic factor. The combined results of the in vitro and in vivo analyses underscore the importance of examining the DNA-protein interactions in vivo in the context of the chromatin, where subtle differences in factor binding would otherwise be undetectable in vitro.
Further, we noted that despite the lack of a heat shock element, identical protections and hypersensitivities of guanine residues were seen in the human grp78 promoter from heatshocked cells and those treated with A23187 or tunicamycin. The grp78 gene (KAR2) in yeast cells is heat shock inducible; however, this response is mediated by a heat shock element within the yeast KAR2 promoter (28) . One explanation is that the kinetics of heat induction of grp78 is distinct from the kinetics of other classical heat shock genes, e.g., hsp7O and hsp9O, such that it requires continuous heat shock (4 h). Such prolonged heat treatment could result in a physiologically stressful condition similar to those elicited by A23187 and tunicamycin. These results indicate that several different stimuli mediate their effects through common inducible protein-DNA interactions occurring at the 3' half of the gip core sequence.
Given the importance of the grp core, we sought to identify the binding activity specific for 3' half of the core region. By using half-site mutants, we were able to define complex II' as the activity specific for 3' half of the core. Through kinetic studies, we determined that complex II' binding to the 3' half of the core is extremely rapid. At the same time, it dissociates from the core rapidly. This quick exchange rate does not compromise the stability of the complex II' over time since 5' mutant and random competitors do not compete even at a high molar excess. This unique property of complex II' may be favorable for the regulatory role that it portends. It may be one mechanism through which a gene can be quickly attenuated through a change in the accessibility of DNA.
From fractionation of induced nuclear extract, we found that the complex II' activity may be reconstituted from renatured fractions of polypeptides in the range of 65 to 75 kDa. Since the Ku autoantigen has been previously shown to bind the grp core (22) , it was necessary to determine whether the renatured activity was specific to the grp78 core and whether the renatured activity was from the abundant Ku autoantigen. The Ku autoantigen consists of a 70-kDa DNA-binding component and a 80-kDa component. While its binding specificity appears to be nonspecific, Ku was recently shown to be a substrate for a DNA-activated protein kinase (18) . Interestingly, the transcription of grp78 was suppressed by protein kinase inhibitors (30, 33) . Whether the binding of Ku to the grp core exists in vivo and whether it plays any specific role in activating the core complexes remain to be determined. Nonetheless, we demonstrate here that complex II' is distinct from the Ku autoantigen. Complex II' from renatured fractions exhibits the same electrophoretic mobility as that from the unfractionated nuclear extract, suggesting that it is unlikely to consist of heterologous subunits outside the size range of 65 to 75 kDa.
Since complex II' is highly specific for the 3' half of the core, we have focused on its purification. Through the use of the BioRex 70 and calf thymus DNA columns (40), we were able to purify the complex II' activity away from complex II activity.
With the additional steps of core-specific DNA affinity chromatography, we were able to recover an affinity-purified fraction of about 10,000-fold purification. From silver stains, these fractions contained several major polypeptides. To determine which polypeptides bind specifically to the grp78 core, we renatured polypeptides of specific size ranges after SDS-PAGE. In agreement with results of a similar study using the crude nuclear extract, we observed that proteins in the size range of 65 to 75 kDa give renatured binding activity. In this range, the enriched protein bands were a cluster of several polypeptides with molecular sizes of about 70 kDa (p7OCORE). By itself, p7OCORE reconstitutes the complex II' binding activity and exhibits binding specificity. Through in vitro competition with the affinity-purified fraction, complex II' interacts with the same bases for which inducible changes are observed in vivo. The identification of the p7OCORE which binds to the region of the core responsible for inducible expression is an important first step toward characterization of the protein involved in and understanding the mechanism of the induction of grp78.
Recently, a transmembrane serine/threonine kinase, IREp, has been shown in yeast cells to be essential in the induction by malfolded protein accumulation in the ER (6, 27) . It has been postulated that IREp, which spans the ER membrane, transmits a signal from the ER to the nucleus. However, the ligands of IREp, as well as its substrates, are unknown. For the mammalian grp system, there are reports that its induction is sensitive to W7, a serine/threonine kinase inhibitor (33) , and enhanced by okadaic acid, which is a serine/threonine phosphatase inhibitor (31) . However, genistein, a protein tyrosine kinase inhibitor, is also reported to inhibit grp78 induction (31) . Thus, the pathways which regulate mammalian grp genes may be more complex than those in yeast cells. Assuming that a mammalian homolog of IREp does exist, it will be important to determine the relationship between p7OCORE and this kinase and identify the intermediary signal transduction steps between the ER and the nucleus.
